We investigated the effects of 4-6-wk administration of testosterone on calcium and protein metabolism in six healthy prepubertal short boys (mean age±SE = 12.9±0.6 yr). At baseline, subjects received a 4-h infusion of L-1l-'3Clleucine and L-12-'5Njglutamine, and were given 42Ca intravenously, and 'Ca PO. Testosterone enanthate ( -3 mg/ kg) was given I.M. 2 wk apart (two doses n = 5, three doses n = 1), and the study was repeated 4-5 d after the last injection.
Introduction
Many of the physical changes of puberty, such as the accelerated growth, the increase in body mass and muscle bulk, and the active mineralization ofthe bones that occur are mediated, at least in part, through the actions of sex steroids. Some of these effects may be directly related to changes in protein and calcium metabolism induced by the sex steroids or alternatively, they may be secondary to the cascade ofevents triggered by the increase in the growth hormone (GH)' IGF-I production observed after sex steroid exposure ( 1, 2) .
The critical role of estrogens in preventing bone loss in women after menopause has been firmly established (3, 4) . Not surprisingly, female runners with secondary amenorrhea and hypoestrogenemia, as well as females with iatrogenic hypogonadism (e.g., luteinizing hormone-releasing hormone analogue-treated patients) have reduced lumbar spine bone mineral density associated, at least in part, to estrogen deficiency (5-7). More recently, data have accumulated, examining the role of both dietary intake of calcium and the adequacy of the sex steroid mileu in preservation of bone mineral density in children and hypogonadal males (8, 9) . These studies strongly suggest that dietary supplementation with calcium alone is associated with a gain in bone mineral acquisition in prepubertal children (8) and that the timing of the onset of puberty is an important determinant ofbone density later in life (9) . During puberty there is active bone mineralization and rapidly changing calcium turnover pools that presumably impact bone accretion and perhaps growth. The administration of stable labeled tracers of calcium to adolescent children has recently shown that the total exchangeable pool (TEP) of calcium, which is that pool of calcium in metabolically active bone in equilibrium with plasma and extracellular fluid, is much greater than in younger children and adults (1O). Also, testosterone administration to the cymologous monkey causes the rapidly changing calcium pool to increase significantly (11) . Both ofthese studies also suggest that the alterations in calcium pools observed in puberty may be secondary to changes in the sex-steroidal milieu.
Androgenic hormones have an anabolic effect in immature castrated ( 12) and eugonadal animals ( 13) , as well as in hypogonadal and growth hormone-deficient individuals ( 14, 15) . Most of these anabolic effects are measured by ponderal changes and positive effects on nitrogen balance, and offer us no clue as to the specific mechanisms involved in these actions. Several studies have demonstrated the specific protein anabolic action of androgenic hormones. Athletes taking anabolic steroids have an increase in lean body mass ( 16) ; patients with myotonic dystrophy treated with testosterone had a significant increase in muscle protein synthesis, without any detectable change in whole body protein synthesis ( 17) . Since these studies have been performed in the postpubertal male after years of exposure to their endogenous sex hormones, it is difficult to extend their physiological implications to the events at pu- berty, when the body is exposed to androgenic hormones after more than a decade ofvery low exposure. Recent animal experiments have revealed a strong correlation between the size of the muscle free glutamine pool (the most abundant amino acid in the body) and the rate of protein synthesis in vivo ( 18, 19) . Other studies suggest that glutamine per se may stimulate protein synthesis, and that the size of the available free glutamine pool in muscle may be an index of protein accretion (20) (21) (22) . Whether such an association between the glutamine pools and whole body protein synthesis occurs during puberty remains to be determined.
The timing ofonset ofaction and the mechanisms by which sex steroids mediate their effects on bone and protein metabolism are largely unexplored in prepubertal and adolescent children. Therefore, the present studies were designed to determine whether exogenous testosterone acutely affects bone and body protein metabolism in prepubertal boys and, ifso, to determine whether such changes are the results of increases in bone accretion and protein synthesis and/or decreases in the rates ofbone resorption and protein breakdown. In addition, we determined whether the changes in whole body protein anabolism occurred independent of or in conjunction with changes in the whole body pool and turnover of glutamine. To accomplish this, a group of six prepubertal boys received infusions of stable labeled tracers of leucine, glutamine, and calcium before and after a short course of testosterone therapy.
Methods

Subjects
Six healthy boys (mean age = 12.9±0.6 yr) participated in this study after informed written consent was obtained from their parents and assent was obtained from the subjects. All were prepubertal on physical exam (Tanner stage I) and had baseline early morning plasma testosterone concentrations < 30 ng/dl, as well as normal blood chemistries, blood counts, and thyroid function. Subjects were recruited from our pediatric endocrine clinics and had varying degrees of normal variant short stature (mean height = 135.8±4.7 cm) and/or delayed puberty.
Experimental design
Each subject was studied twice. 3 d before the first study ( (-4 .50 umol/kg; -0.07 gmol -kg-' * min-') was initiated and continued for the next 240 min. Simultaneously, an unprimed continuous infusion of L-[2-'5N]-glutamine ( -0.23 umol * kg-' . min') was initiated and continued for 4 h. At -10 min, a slow infusion of 0.6 mg/kg of 42Ca was given over 10 min. Arterialized blood samples and breath samples were collected at frequent intervals as detailed below.
At 240 min, the amino acid tracer infusions were stopped and the subjects ate lunch. At 1600 h, the last blood sample was obtained, and the subjects were discharged with instructions, to complete the urine collection through 0800 h the next morning. For 5 d after discharge, two urine samples were collected daily (in the morning and evening) and kept refrigerated for the measurement of calcium isotopic enrichments.
After the baseline study was completed, five ofthe six boys received an intramuscular injection of 100 mg of testosterone enanthate, and one subject (subject 3) received 75 mg. 2 wk from the last injection, the same testosterone enanthate dose was repeated, except that subject 3 received 50 mg. The subjects were studied a second time in an identical fashion 4-5 d after the last injection (study 2). Because ofa viral illness, subject 2 could not be studied after the second testosterone injection, hence a third injection was given 2 wk after the second one, and the patient was studied 4-5 d after the last injection. The average dose of testosterone was 3 mg/kg. The mode ofadministration oftestosterone enanthate chosen has been shown to produce nearly constant levels of testosterone 4-5 d after injection (24) . The doses chosen stem from our clinical experience in youngsters with delayed puberty, in whom similar doses of testosterone promote masculinization and short-term linear growth.
Blood and breath samples by gas chromatography-mass spectrometry (5970 GC-MS; Hewlett Packard, Palo Alto, CA), as previously described (25, 26) . 13C02 enrichments were determined using an automated dual-inlet isotope mass ratio mass spectrometry (27, 28) .
Total carbon dioxide production (Vco2) was determined at three different times during the infusions using a calorimeter (PX-MAX; Medical Graphics Corp., St. Paul, MN). Plasma IGF-I and IGFBP3 concentrations, as well as serum testosterone were determined by radioimmunoassay (Endocrine Sciences Labs, Calabassas Hill, CA). Growth hormone was measured in duplicate using the immunoradiometric assay of the Nichols Institute (San Juan Capistrano, CA).
Total calcium was measured on all urine samples by flame atomic absorption mass spectrophotometry. Calcium isotope ratios were determined by thermal ionization mass spectrometry using either a Thermoquad or a thermal ionization mass spectrometer (model 261; Finnigan MAT, Bremen, Germany) as previously described (29) (30) (31) (32) Vndo (endogenous fecal calcium excretion) was estimated from published data (30) . Vbal (net calcium retention) is then calculated as
where Vu is the total urinary calcium excretion rate, Vo+ is the rate of bone accretion, and Vo-is the rate of bone resorption. The TEP of calcium and the net forward flow ofcalcium into deep bone (Vo+) may be calculated from the rate of disappearance of the intravenous tracer in serum over time, using a three-term fit ofexponentials as previously described ( 10) . TEP represents the calcium in metabolically active bone that is in equilibrium with the plasma compartment and the extracellular fluid. Finally, Vt (bone turnover) can be calculated from the expression Vt = Vo+ + Vu + Vndo, and Vo-can be estimated by difference, as shown previously (10) .
Leucine kinetics. The plasma enrichment of a-ketoisocaproic acid (aKIC) was used as an index ofthe intracellular enrichment ofleucine (reciprocal pool model). All estimates of whole body leucine metabolism were made at near substrate and isotopic steady state, between 180-240 min. The rate of appearance (Ra) of isotope, the rate of leucine oxidation, and the nonoxidative leucine disappearance were calculated as previously described (33, 34) . Because of analytical problems with the aKIC assay in patient 2, the enrichments ofplasma aKIC were calculated as 70% of the plasma enrichment of leucine (33, 34) .
Glutamine kinetics. Similar equations were used for the calculations of glutamine kinetics (35) . However, since glutamine is a nonessential amino acid, its Ra has two components: release from protein breakdown and glutamine de novo synthesis. Release from protein breakdown was estimated from the leucine Ra, assuming contents of 8.0 g of leucine and 13.9 g of glutamine plus glutamate for every 100 g of protein (36) (37) .
The rise of [2-'5N ] glutamine enrichment to plateau was fitted into an exponential curve using nonlinear regression (35) :
where Ep is the enrichment in plasma as a function of the sampling time t (min). The fitted parameters were the enrichment at plateau Ejnf (mol% excess) and the rate constant for amino acid turnover k (min '). The size ofthe tracer-miscible glutamine pool was then calculated as k for each individual infusion study.
Statistics
All results are expressed as mean±SE. For normally distributed data, one-tailed paired Student's t test was used to calculate differences between the means in different groups. Otherwise, Wilcoxon signed ranks test was used to calculate the differences between groups. Significance was established at P < .05. Table I summarizes the mean changes in body weight and plasma testosterone, IGF-1, IGFBP3, and GH concentrations during the sampling times at baseline (study 1) and after testosterone therapy (study 2). Each IGF-1 and IGFBP3 concentration represents the average of three different measurements during a 4-h period; the GH concentrations represent both the mean and peak GH values obtained during every 20 min sampling for 4 h.
Results
There were significant increases in body weight, as well as the expected increase in serum testosterone and IGF-1 concentrations after testosterone administration. Only modest yet significant increases in IGFBP3 concentrations were observed after androgenic exposure.
Calcium kinetics. Table II summarizes the changes in calcium kinetics after the administration of testosterone in the subjects studied. The fractional absorption of calcium a (a), Va, and Vbal increased significantly after testosterone therapy. Vo+ and the TEP of calcium were also increased by testosterone administration by 16 and 20%, respectively; however, the number of subjects was too small to achieve statistical significance. The value of Vo-was essentially unchanged after testosterone therapy. However, the relative contribution of bone resorption to bone turnover (parameter E) was lower after testosterone therapy. Fig. 1 The average dose of testosterone enanthate was 3 mg/kg given twice in five subjects and three times in one subject. The doses were given 2 wk apart and subjects studied 4-5 d from the last injection. * P < 0.05. Vi, dietary calcium intake; Vu, total urinary calcium excretion; Vt, bone turnover rate; E, contribution to bone resorption to bone turnover. P = 0.009), an indicator of protein synthesis, after relatively short-term exposure to testosterone (Fig. 2) . Glutamine kinetics. Glutamine Ra increased after testosterone administration, from 6.97±0.54 to 9.22±0.59 ,umol kg--I min-', P < 0.05. This change of -32% was accounted for by increases in both glutamine release from protein breakdown (2.78±0.12 vs 3.26±0.12 umol -kg-l ' min' ), and glutamine de novo synthesis (4.30±1.31 vs 6.10±1.40 ,umolkg-. min-'). Since no priming dose was used during the labeled glutamine infusion, the increase in plasma [2-15N]-glutamine from each infusion study could be fitted to a curve using nonlinear regression. Fig. 3 shows a plot ofthe composite time course for the six patients before and after testosterone treatment. While the rate constant parameter k did not vary (0.029±0.003 vs 0.030±0.004 min' after testosterone) on the two study days, there was an increase in the size of tracer-miscible glutamine pool (251±23 vs 330±43 ,mol/kg after testosterone therapy); however, this increase failed to reach statistical significance.
Discussion
Both androgens and estrogens have been used extensively in the treatment of youngsters with exaggerated delay of entry into puberty. In boys, aromatizable (testosterone) and nonaro- In these studies on prepubertal boys, we have shown positive changes in all parameters of bone accretion and calcium retention after short-term testosterone therapy. The size of the pool of metabolically active calcium (TEP) was also increased by the administration of androgenic steroids, and the relative contribution of bone resorption to bone turnover was decreased after this short term exposure to testosterone, all of which is compatible with increased growth. Bone mineral density has been shown to be significantly decreased in young adult males who experienced a delayed entry into puberty (constitutional delay of puberty) as compared with men who entered puberty normally (9) . Similarly, bone density was increased in hypogonadal young men given testosterone substitution therapy (40) . Since calcium is a major component of trabecular bone, our findings in the studies reported here strongly suggest that a pivotal role of both sex steroidal hormones and the tim- ing of exposure to these hormones in the adequate development of the density of the axial skeleton in man.
The anabolic effects of sex-steroidal hormones on protein and calcium accretion may depend not only on the kind of hormone used, but also on the length ofexposure and the sex of the individual as well. Using infusions of stable isotopic tracers of leucine, we have also shown that even short-term exposure to androgenic hormones has a specific yet significant effect on estimates of whole body protein synthesis and proteolysis with an over-all improvement in leucine and presumably protein balance. As shown previously (1), mean GH concentrations and plasma IGF-I concentrations increased significantly with exogenous testosterone therapy. However, GH alone appears to mediate its effects on protein kinetics by selectively increasing estimates of protein synthesis with no apparent effect on estimates of proteolysis (33) , whereas exogenous testosterone significantly affects estimates of both proteolysis and protein synthesis in the youngsters studied here.
Our results on whole body protein kinetics differ from that of Griggs and colleagues ( 17) , who found no change in whole body protein anabolism after androgen administration despite increases in muscle protein synthesis in a group of adults with myotonic dystrophy. The differential effect of exogenous testosterone on whole body protein may be caused by the hypoandrogenic state of the boys studied here, contrary to the adults reported previously, who presumably had adequate virilization secondary to the endogenous rise of testosterone. It is conceivable that the amplifying effect of testosterone (and GH) on whole body protein metabolism is exerted most dramatically during the narrow window of the pubertal years in which the body is first exposed to androgens after more than a decade of nonexposure.
We observed a significant increase in glutamine production in the present study, which can indeed be accounted for by an enhanced rate of glutamine synthesis. This may, in turn, be caused by stimulation of the enzyme glutamine-synthetase by testosterone, or alternatively, to increased availability of precursor substrates. We have shown previously that branchedchain amino acids are a major source of glutamine nitrogen (41) : increased release of amino acids from greater rates of proteolysis may thus have promoted glutamine synthesis. We observed a similar pattern ( -40% rise in glutamine synthesis, with an -15% rise in proteolysis) in healthy adults receiving high physiological doses of cortisol (42) . Both sex steroids and glucocorticoids increased the rate of appearance of leucine. However, while the glucocorticosteroid administration results in no change in estimates of protein synthesis and directs the excess leucine to oxidative loss, sex steroids significantly reduce the oxidative losses ofthis essential amino acid while concomitantly increasing estimates of protein synthesis.
We conclude that short-term testosterone therapy in the prepubertal human (a) increases bone calcium accretion by increasing calcium absorption, calcium retention, and net forward flow of calcium into bone while having no effect on bone resorption; (b) in addition, there is a specific and significant increase in estimates of leucine and presumably whole body protein balance after short-term androgen exposure by increasing the rate of leucine entering protein more than that released from protein, suggesting significant redistribution of body amino acid into different protein pools; and (c) we observed comparable increases in glutamine turnover pools and the amount of glutamine released from muscle and glutamine's de novo synthesis, but could not relate the changes in leucine metabolism to those ofthe glutamine exchangeable pool. The latter suggests that the changes in whole body protein metabolism induced by testosterone are not mediated predominantly by changes in the glutamine pool.
We postulate a specific amplifying effect ofandrogenic hormones on protein and calcium metabolism in prepubertal children potentiating growth. Such an effect on protein may result from either a direct impact of androgens or at least partially mediated through the endogenous increase of circulating GH. These specific acute effects of low doses of androgens may be specific for the time of puberty.
